To explore the function of fibulin-3 in cervical carcinoma malignant cell growth and metastasis, fibulin-3 expression in normal cervical tissue, cervical intraepithelial neoplasia (CIN), and cervical carcinoma were evaluated by immunohistochemistry. Quantitative real-time-polymerase chain reaction, western blotting, and immunocytochemistry were performed to assess the expression of fibulin-3 at mRNA and protein levels in different invasive clone sublines. Fibulin-3 shRNA and fibulin-3 cDNA were used to transfect the strongly and weakly invasive clone sublines. Using in vitro and in vivo functional assays, we investigated the effects of down-regulating and up-regulating fibulin-3 expression on the proliferation and invasion of different clone sublines. Epithelial mesenchymal transition (EMT) and its signaling pathways PI3K/AKT and ERK were studied carefully in lentiviral transfection systems. Fibulin-3 was upregulated in cervical carcinoma, and its overexpression was significantly related with malignant phenotype and poor prognosis of cervical carcinoma. Fibulin-3 promoted cervical cancer cell invasive capabilities by eliciting EMT and activating the PI3K-Akt-mTOR signal transduction pathway. Fibulin-3 could facilitate the process of cervical cancer development. The results presented here will help develop novel prognostic factors and possible therapeutic options for patients with cervical cancer.
Immunohistochemistry and immunocytochemistry. Immunohistochemistry (IHC) and immunocytochemistry (ICC) were performed according to standard streptavidin-biotin-peroxidase complex procedures. Paraffin-embedded sections (5 μm thick) and cell coverslips fixed in 4% paraformaldehyde were used in these experiments. For paraffin-embedded sections, dewaxing, rehydration, and heat-induced retrieval were performed. Then, the tissue sections and the cell coverslips were incubated with mouse anti-human fibulin-3 monoclonal antibody (sc-33722, Santa Cruz Biotechnology, Inc.) at a 1:100 dilution overnight at 4 °C. Ovarian cancer tissue sections (fibulin-3-positive) were applied as a positive control 7 , and phosphate-buffered saline (PBS) was used to replace the original antibody as negative control. Brown granules in the cytoplasm or stroma were regarded as positive expression of fibulin-3. IHC and ICC experiments for every slide were duplicated in triplicate.
Analysis for IHC and ICC experiments.
A semiquantitative scoring system was performed to evaluate the expression of fibulin-3 in the tissue sections and cell coverslips, and intensity of staining and distribution of positive cells were measured. The staining intensity was classified as 0-3 (0 = negative staining, 1 = low staining intensity, 2 = moderate staining intensity, and 3 = high staining intensity), whereas the percentage of staining-positive cells was scored as 0 (0% cells stained), 1 (1-25%), 2 (26-50%), 3 (51-75%), or 4 (76-100%) 20 . The sum of the staining intensity and percentage of staining-positive cell scores constituted the final staining score (0-7), and the sum-indexes −, +, ++, and +++ representing scores of 0, 1-3, 4-5, and 6-7, respectively. For statistical analysis, − and + were regarded as low fibulin-3 expression, while ++ and +++ were regarded as high fibulin-3 expression. Every section slide was independently scored by two pathologists. If a discrepancy occurred, a third pathologist was consulted to achieve consensus.
Lentivirus transfection.
The lentivirus vector for fibulin-3 overexpression was achieved by recombining pGC-LV-GV287-GFP vector with the EFEMP-1 (NM_001039348) gene, described as pLVX-fibulin-3; while the lentivirus vector for fibulin-3 knockdown was achieved by cloning small hairpin RNAs (shRNAs) using a self-inactivating lentivirus vector containing a CMV-driven GFP reporter and a U6 promoter (GeneChem, Shanghai, China), described as fibulin-3 shRNA. The target sequence for fibulin-3 was 5′-TGTGAGACAGCAATGCAAA-3′. According to the specifications, in a 24-well plate, 60% confluent cells were transfected with the lentivirus vector at a multiplicity of infection (MOI) of 100. After overnight culture, the transfection mixture was replaced with normal complete growth medium to avoid cell toxicity. After 48 h or 72 h, the transfection efficiency was monitored using fluorescence microscopy and confirmed by qPCR and western blot analyses.
Western blotting. Target cells were lysed on ice using radioimmunoprecipitation assay (RIPA) lysis buffer with phenylmethylsulfonyl fluoride (PMSF) as a serine protease inhibitor (RIPA:PMSF = 100:1). After determining the protein concentration by the Bicinchoninic Acid (BCA) method, protein samples (40 µg) were separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride (PVDF) membranes, and blocked for 1 h with Tris-buffered saline containing Tween 20 (TBST) and 5% bovine serum albumin (BSA). The membranes were then incubated on a shaking bed with primary antibodies (fibulin-3 sc-33722, E-cadherin sc-8426, N-cadherin sc-59987, Vimentin sc-6260, Santa Cruz; Snail ab167609, Slug ab106077, Twist ab50887, Zeb 2 ab138222, PI3K ab86714, p-PI3K ab182651, AKT ab8805, P-AKT ab38449, mTOR ab32028, p-mTOR ab109268, Abcam; p-ERK (Thr202/Tyr204) #4370, ERK #9102, Cell Signaling), at a 1:2,000 dilution overnight at 4 °C. The next day, the membranes were washed three times with TBST and then incubated with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. Finally, positive labeling of the proteins on the membranes was visualized by enhanced chemiluminescence (ECL) using a Bio-Rad ECL kit (Solarbio).
Total RNA extraction and quantitative real time polymerase chain reaction. Total RNA was extracted from cervical cancer cells using the RNAiso Plus extraction reagent (TaKaRa), and complementary DNA (cDNA) was reverse-transcribed from 2 μg of the total RNA used as template in a reaction using a PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa). The qPCR experiments were carried out using a Lightcycler 480 System. According to the specifications, the qPCR reaction mixture volume was 20 μl and included 10 μl of TB Green Premix Ex Taq II (TaKaRa), 2 μl of cDNA template, 0.8 μl of forward primer (10 μM), 0.8 μl of reverse primer (10 μM), and 6.4 μl of sterile water. The specific primer sequences designed by TaKaRa were as follows: EFEMP1-F: 5′-ACCCTTCCCACCGTATCCA-3′, EFEMP1-R: 5′-TCTGCTCTACAGTTGTGCGTCC-3′; CDH1-F: 5′-GGATTGCAAATTCCTGCCATTC-3′, CDH1-R: 5′-AACGTTGTCCCGGGTGTCA-3′; CDH2-F: 5′-CGAA TGGATGAAAGACCCATCC-3′, CDH2-R: 5′-GCCACTGCCTTCATAGTCAAACACT-3′; VIM-F: 5′-AACC TGGCCGAGGACATCA-3′, VIM-R: 5′-TCAAGGTCAAGACGTGCCAGA-3′; SNAIL1-F: 5′-GCTCCCTCTTCC TCTCCATACC-3′, SNAIL1-R: 5′-AAGTCCTGTGGGGCTGATGT-3′; SNAIL2-F: 5′-GAAGCATTTCAACG CCTCCAA-3′, SNAIL2-R: 5′-GTTGTGGTATGACAGGCATGGAGTA-3′; TWIST-F: 5′-AGCAAGATTCAG ACCCTCAAGCT-3′ , T WIST-R: 5′ -CCTGGTAGAGGAAGTCGATGTACCT-3′ ; ZEB2-F:5′ -AAATGCACAGAGTGTGGCAAGG-3′, ZEB2-R:5′-CTGCTGATGTGCGAACTGTAGGA-3′; ACTB-F: 5′-TGGCACCCAGCACAATGAA-3′, ACTB-R: 5′-CTAAGTCATAGTCCGCCTAGAAGCA-3′. The relative gene expression levels were analyzed using the ΔΔCt method.
Cell proliferation assay. Cell proliferation capacities were determined by growth curves and anchorage-independent soft agar colony formation assays. For growth curves, cells in the logarithmic growth phase were seeded into 24-well plates and cultured for seven consecutive days. Every day, three random wells were selected, digested by trypsin, and counted by an Automated Cell Counter (Thermo Fisher Scientific, Inc.). Growth curves were generated according to the number of cells counted for each day. For the colony formation assay, 1.5 ml of 1.2% agar was mixed with 1.5 ml of 2× DMEM supplemented with 20% FBS and solidified in 3.5-cm dishes to form the base layer. For the top layer, 200 µl of cells suspended in medium (3 × 10 3 /ml) were mixed with 1.5 ml of 0.7% agar and 1.5 ml of 2× DMEM, and quickly added to the solidified base agar layer. All the dishes were cultured in an incubator at 37 °C for 2 weeks. The experiment was repeated three times for each group. The colony formation capacities were monitored through a microscope. A cluster with a diameter more than 2 mm was defined as a colony. Then colonies were counted in five random fields in each quadrant and the average was calculated.
Boyden Chamber migration and invasion assay. Boyden Chamber migration and invasion assays were performed as described by Albini 21 . Polyvinylpyrrolidone-free polycarbonate (PVPF) filters with an 8.0 μm pore size divided the chambers into two segments. Matrigel (BD Biosciences) was usually used as the basement membrane matrix. For the invasion assay, the PVPF membranes were coated with 50 µl of a 1:5 dilution of Matrigel. There was no Matrigel coating in the migration assays. The remaining steps were the same for the both assays. First, 600 µl of serum-free NIH3T3-conditioned medium was filtered and added to the bottom chamber as a chemotactic factor. Second, 2 × 10 5 cells suspended in 200 µl medium were added into the upper chamber; finally, after 24 h of culture at 37 °C and 5% CO 2 , the non-migrated or non-invaded cells in the upper membrane chamber were removed, and the migrated or invaded cells in the lower chamber were fixed with 4% paraformaldehyde, stained with crystal violet, and quantitated by counting the cells from five random fields in each quadrant. Each experiment was performed in triplicate.
Tumor growth assay. Female 5-week-old BALB/C-nu/nu nude mice were purchased from the National Resource Center for Rodent Laboratory Animal of China for in vivo experiments. Each group contained five nude mice; each was injected subcutaneously with 5.0 × 10 6 cells and maintained in a sterile animal facility. Tumor volumes were measured by Vernier calipers at the indicated times. After 2 months, the mice were sacrificed and the tumors were dissected. This animal experiment was approved by the Institutional Animal Care and Use Committee of Shandong University and was in compliance with all regulatory guidelines.
Statistical analysis. Statistical analyses were performed using SPSS 17.0 software. Pearson chi-square or Fisher's exact tests were used to compare differences in the proportions of fibulin-3 expression levels between groups. The quantitative data were assessed by ANOVA. A p-value < 0.05 was considered statistically significant. The correlation analyses were performed by Pearson's product-moment correlation coefficient. The differences in survival between the groups were estimated by the Kaplan-Meier method and the log-rank test.
Results
Expression of fibulin-3 in human cervical tissue specimens. By IHC, the staining of fibulin-3 was mainly concentrated in the cytoplasm and cell membranes of cervical cancer tissues. Fibulin-3 expression was statistically lower in cervical cancer samples than that in most cervical normal and cervical intraepithelial neoplasia (CIN) tissues (Fig. 1) . Fibulin-3 expression demonstrated a significant positive correlation with TNM (p < 0.01), histological grade (p < 0.01), and lymph node involvement (p < 0.01) ( Table 1) . Using Kaplan-Meier analysis, the prognostic value of fibulin-3 in cervical cancer was evaluated. The outcome revealed that the prognosis of patients with cervical cancer with low fibulin-3 expression was better than that in patients with high expression (Fig. 1E) .
Expression of fibulin-3 in high invasive clone sublines and low invasive clone sublines. was highly expressed in the highly invasive clone sublines, compared to the low invasive clone sublines as measured by levels of mRNA and protein determined by ICC, western blotting, and real time qRT-PCR experiments (Fig. 2) . The corresponding results showed that there was a positive correlation between high fibulin-3 expression and proliferation capacity and invasion abilities of cervical cancer cells. For further confirmation, more studies were performed in the following experiments.
Determination of fibulin-3 transfection efficiency. Transfections using lentiviruses were performed to increase fibulin-3 expression in the low invasive clone subline HeLa-25 and to decrease fibulin-3 expression in the highly invasive clone subline HeLa-1. Then, ICC, western blotting, and qPCR analyses confirmed that HeLa-1 cells transfected with fibulin-3 shRNA had significantly lower expression levels of fibulin-3 compared the negative controls, and that fibulin-3 cDNA-transfected HeLa-25 cells had significantly higher expression levels of fibulin-3 than negative controls at both the transcription and protein levels (Fig. 3) .
Effects of fibulin-3 on the cell proliferative capacities of cervical carcinoma. Increased expression of fibulin-3 in the low invasive clone subline HeLa-25 promoted cell proliferation capacities and clone-forming abilities, and at the same time, decreased expression of fibulin-3 in the high invasive clone subline HeLa-1 inhibited cell proliferative activities and clone-forming abilities (Fig. 4) . There was a positive correlation between the expression of fibulin-3 and the proliferative capacities of cervical cancer cells. Effects of fibulin-3 on the major EMT-related genes. The activation of the EMT program promotes tumor-cell invasion and metastasis. Therefore, we tested if gain or loss of fibulin-3 function could affect several major EMT-related genes, such as E-cadherin, N-cadherin, vimentin, Snail, Slug, Zeb2, and Twist. Analysis using qPCR and western blotting indicated that increased expression of fibulin-3 in the low invasive clone subline HeLa-25 exhibited significantly decreased the mRNA and protein levels of E-cadherin, the epithelial hallmark of EMT that mediates cell-cell interactions, and the mRNA and protein levels of N-cadherin and vimentin were increased. N-cadherin is commonly found in cancer cells and provides a mechanism for transendothelial migration. Vimentin was used as a tumor marker to identify mesenchyme. Snail, Slug, Zeb2, and Twist belong to the family of transcription factors that bind to E-box motifs to repress E-cadherin transcription and regulate EMT. Upon fibulin-3 knockdown, levels of Snail, Slug, Zeb2, and Twist all decreased, at the same time, upon fibulin-3 overexpression, they were all upregulated. As a result, gain or loss of fibulin-3 function could affect several major EMT-related genes, fibulin-3 knockdown could inhibit the process of EMT, and conversely, fibulin-3 overexpression could promote the process of EMT (Fig. 7) . To further determine the correlations between fibulin-3 and the studied markers E-cadherin, N-cadherin, and Vimentin, we performed IHC experiments in clinical samples (Fig. 8) and revealed that fibulin-3 was significantly positively correlated with N-cadherin and Vimentin, but negatively correlated with E-cadherin. Next, we studied the association of fibulin-3 with the transcription factors closely related to EMT using transcriptomics data from the TCGA repositories. Fibulin-3 showed a significant positive correlation with the transcription factors that were assayed in Fig. 9 .
Effects of fibulin-3 on the PI3K/AKT and ERK pathway. Using pharmacological signal pathway inhibitors, we studied the PI3K/AKT and ERK signaling pathways, which are tightly associated with EMT
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. Fibulin-3 cDNA-and shRNA-infected cells were serum-starved and treated with DMSO and the inhibitors PD98059 (20 μM, ERK inhibitor) or LY294002 (20 μM, PI3K/AKT inhibitor), for 48 h. Then, Boyden Chamber migration and invasion assays were performed. In fibulin-3 overexpression groups, cell migration and invasion abilities were strongly decreased by incubation with LY294002, but not with PD98059; nevertheless, in fibulin-3 downregulation groups, cell migration and invasion abilities had no significant differences upon treatment with DMSO, LY294002, and PD98059 (Fig. 10) . LY294002 remarkably reduced the levels of PI3K, AKT, and mTOR phosphorylation, and accordingly changed the expression of EMT hallmarks, but had no influence on fibulin-3 expression, compared to the DMSO control (Fig. 11A) . Thus, the expression of fibulin-3 was not regulated by PI3K/AKT signaling, but the effect of fibulin-3 on EMT was inhibited by the phosphorylation pathway inhibitor LY294002. Regarding the ERK pathway, PD98059 treatment decreased ERK phosphorylation, but had no effect on fibulin-3 expression and could not block fibulin-3-mediated EMT promotion (Fig. 11B) . Further experiments revealed that Table 1 . Protein expression of fibulin-3 in human cervical tissues.
fibulin-3 upregulation increased the PI3K, AKT, and mTOR phosphorylation levels, but had no effect on the ERK phosphorylation level; at the same time, fibulin-3 knockdown reduced their phosphorylation levels, but also had no effect on the ERK phosphorylation level (Fig. 11C) . In summary, fibulin-3 could facilitate cervical cancer cell development and metastasis by the PI3K/AKT/mTOR signaling pathway.
Correlations between fibulin-3 and p-PI3K, p-AKT, and p-mTOR. The representative immunohistochemical staining of p-PI3K, p-AKT, and p-mTOR in cervical cancer and normal tissues were determined by IHC. Like fibulin-3 expression, the expressions of p-PI3K, p-AKT, and p-mTOR in cervical cancer tissues were much higher than that in most cervical normal tissues (Fig. 12A-C) . To assess the correlations between fibulin-3 and p-PI3K, p-AKT, and p-mTOR, Pearson correlation coefficients were calculated and showed significantly positive correlations between fibulin-3 and p-PI3K, p-AKT, and p-mTOR (Fig. 12D) . The average counts of migrating and invading fibulin-3 shRNA infected cells were much lower than those of controls; meanwhile, the average counts of migrating and invading fibulin-3 cDNA infected cells were much higher than those of controls (Magnification x200). *P < 0.05.
Discussion
In this study, fibulin-3 overexpression was significantly related with malignant phenotype and poor prognosis of cervical carcinoma in clinical samples, and high fibulin-3 expression was positively correlated with proliferation capacity and invasion ability of cervical cancer cells. Fibulin-3 could facilitate cervical cancer cell development and metastasis by eliciting EMT and activating the PI3K-Akt-mTOR signal transduction pathway. Higher fibulin-3 expression was detected in cervical cancer tissues and the highly invasive clone sublines than in the normal cervical tissues and low invasive clone sublines. Moreover, high fibulin-3 expression was significantly related to poor differentiation, positive lymph node metastasis, and high clinicopathologic staging of cervical cancer. Similar outcomes were reported by En-lin S et al. 23 that fibulin-3 up-regulation was markedly related to positive lymph node metastasis, vascular invasion, and poor prognosis in patients with cervical carcinoma. They also found that fibulin-3 overexpression promoted angiogenesis, which is mediated by VEGF upregulation 24 . For our study, the experiments revealed that fibulin-3 facilitated cervical cancer cell development and metastasis by eliciting EMT and activating the PI3K-Akt-mTOR signal transduction pathway. In ovarian cancer, fibulin-3 expression was upregulated, and its overexpression was significantly associated with high clinicopathologic stage, low degree of tissue differentiation, positive lymph node metastasis, and poor prognosis of ovarian cancer patients 7 . Fibulin-3 also acts as a positive regulator to contribute to ovarian cancer invasion and metastasis by activating AKT signaling 8 . In contrast, in breast cancer, fibulin-3 expression is reduced or even abolished in 57-62.5% of these tumors, and its reduced expression was significantly correlated with poor disease-free and overall survival in patients with breast cancer 25 . Functionally, high fibulin-3 levels inhibit TGF-β-induced EMT, migration, invasion, and endothelial permeability in breast cancer 26 . In human endometrial carcinoma, fibulin-3 was thought to be a tumor suppressor, decreased the secretion of MMPs, and thwarted endometrial cancer cell proliferative and invasive capacities 17 . Furthermore, fibulin-3 could suppress EMT in EC (endometrial cancer) Figure 7 . Effects of fibulin-3 knockdown and overexpression on key EMT hallmarks. After lentivirus transfection, EMT markers including E-cadherin, N-cadherin, vimentin, Snail, Slug, Zeb2, and Twist were measured by (A) western blotting (cropped blot) and (B) real-time q-RT-PCR in the lentivirus transfection systems. *P < 0.05.
cells in vitro and in vivo through Wnt/β-catenin signaling 27 . Apparently, the function of fibulin-3 in carcinogenesis was determined by the tumor type. The role of fibulin-3 in tumor development is tissue specific, which may be due to the fact that the paradoxical roles of the tumor microenvironment during specific cancer progression determine the different functions of tumor-related genes 28 . In the 1980s, the EMT was first recognized by Betty Hay and was termed as a feature of embryogenesis. Later, EMT was also found to take place in during wound healing, organ fibrosis, and cancer invasion. Cancer cells in a primary tumor lose cell-cell adhesion mediated by E-cadherin repression, break through the basement membrane with increased invasive properties, and enter the bloodstream through intravasation. Cells undergoing EMT gain stem cell-like properties, which increase tumorigenic and proliferative potential 29, 30 . In our study, we found that fibulin-3 overexpression promoted EMT and enabled cervical cancer cells to acquire more mesenchymal cells properties with more invasive and metastatic capacities. Similar results were previously found in ovarian carcinoma 8 . The RT 2 Profiler EMT PCR array was performed in a fibulin-3 RNA interference system in ovarian cancer cells and showed that fibulin-3 downregulation hindered the process of EMT and reduced the proliferative, invasive, and metastatic capacities of ovarian cancer cells. In human osteosarcoma 9 , fibulin-3 could facilitate osteosarcoma cells to further invade and disseminate, leading to the occurrence of EMT by regulating and controlling H3K4me3 methylation modifications. In contrast, in endometrial carcinoma cells 27 and lung cancer stem cells 16 , the opposite conclusion was made: that fibulin-3 overexpression blocked the EMT and abrogated the invasive and metastatic abilities of tumor cells. In summary, the functions of fibulin-3 during EMT of specific tumor types may also be affected by the specific tumor microenvironment, with the dual paradoxical role of either promoting or restraining EMT depending on the cancer type.
The PI3K/Akt/mTOR pathway is overactive in many cancers, playing a crucial role in reducing apoptosis and allowing proliferation, ultimately influencing the invasion, metastasis, and aggressiveness of cancer cells 31 . In our study, LY294002, an inhibitor of the PI3K/AKT pathway, remarkably hampered the increased cell migration and invasion abilities caused by fibulin-3 overexpression, and inactivating this signaling pathway blocked the process of EMT. Correspondingly, fibulin-3 upregulation could activate the PI3K/Akt/mTOR pathway, promote EMT, and increase the migration and invasion abilities of cervical cancer cells; at the same time, fibulin-3 knockdown could inactivate the PI3K/Akt/mTOR pathway, inhibit EMT, and decrease the migration and invasion abilities of cervical cancer cells. In ovarian cancer, fibulin-3, as a positive regulator, was found to boost cancer cell proliferation, invasion, and diffusion by activating AKT signaling 8 . In lung cancer, fibulin-3 suppresses both the EMT process and the ability of lung cancer stem cells to self-renew by modulating the IGF1R/PI3K/AKT/GSK3β pathway 16 . In nasopharyngeal carcinomas, fibulin-3 suppressed cell migration and invasion by blocking the PI3K/ AKT pathway 18 . Collectively, regardless of the role of fibulin-3 in the development of a specific cancer, the PI3K/ AKT pathway was always involved, and fibulin-3 was one of the regulators of the PI3K/AKT pathway.
In conclusion, there was a significantly positive correlation between fibulin-3 overexpression and malignant phenotype and poor prognosis of cervical carcinoma. Fibulin-3 could facilitate cervical cancer cell growth, Figure 11 . Effects of fibulin-3 knockdown and overexpression on the PI3K/AKT/mTOR and ERK pathway as determined by western blotting (cropped blot). (A) LY294002 treatment remarkably reduced the levels of PI3K, AKT, and mTOR phosphorylation, and accordingly changed the expression of EMT markers, but had no influence on fibulin-3 expression compared to the DMSO control. (B) PD98059 decreased ERK phosphorylation level but had no effect on fibulin-3 expression and could not block fibulin-3-mediated promotion of EMT. (C) Fibulin-3 knockdown reduced the PI3K, AKT, and mTOR phosphorylation levels to deactivate the PI3K/AKT/mTOR pathway but had no effect on the ERK phosphorylation levels; in contrast, fibulin-3 upregulation increased the PI3K, AKT, and mTOR phosphorylation levels to activate the PI3K/AKT/ mTOR pathway, but also had no effect on the ERK phosphorylation level.
invasion, and spread, by stimulating the process of EMT and triggering the PI3K-Akt-mTOR signal transduction pathway. Additional research on fibulin-3 may help in designing treatments for cervical cancer and to improve patient prognosis. 
